Most patients with pancreatic ductal adenocarcinoma (PDA) present with metastatic disease at the time of diagnosis or will recur with metastases after surgical treatment. Semaphorin-plexin signaling mediates the migration of neuronal axons during development and of blood vessels during angiogenesis. The expression of the gene encoding semaphorin 3D (Sema3D) is increased in PDA tumors, and the presence of antibodies against the pleiotropic protein annexin A2 (AnxA2) in the sera of some patients after surgical resection of PDA is associated with longer recurrence-free survival. By knocking out AnxA2 in a transgenic mouse model of PDA (KPC) that recapitulates the progression of human PDA from premalignancy to metastatic disease, we found that AnxA2 promoted metastases in vivo. The expression of AnxA2 promoted the secretion of Sema3D from PDA cells, which coimmunoprecipitated with the co-receptor plexin D1 (PlxnD1) on PDA cells. Mouse PDA cells in which SEMA3D was knocked down or ANXA2-null PDA cells exhibited decreased invasive and metastatic potential in culture and in mice. However, restoring Sema3D in AnxA2-null cells did not entirely rescue metastatic behavior in culture and in vivo, suggesting that AnxA2 mediates additional prometastatic mechanisms. Patients with primary PDA tumors that have abundant Sema3D have widely metastatic disease and decreased survival compared to patients with tumors that have relatively low Sema3D abundance. Thus, AnxA2 and Sema3D may be new therapeutic targets and prognostic markers of metastatic PDA.
INTRODUCTION
Pancreatic ductal adenocarcinoma (PDA), a devastating malignant disease with a 5-year survival of less than 5%, is highly metastatic and resistant to most conventional chemotherapeutics (1) . Surgical resection remains the primary treatment for PDA, but only 20% of patients present with locally resectable disease at the time of diagnosis, and most patients develop drugresistant metastatic disease after surgical resection (2) .
We recently identified the antibodies against a metastasis-associated protein, annexin A2 (AnxA2), in the sera of patients who were treated in a phase 2 study with an allogeneic, granulocyte-macrophage colony-stimulating factor (GM-CSF)-secreting tumor vaccine and who demonstrated prolonged recurrence-free survival after surgical resection of primary PDAs (3) . In another study, the phosphorylation of Tyr 23 in AnxA2 promoted metastases of PDA cells, whereas short hairpin RNA (shRNA)-mediated knockdown or antibody-mediated blockade of AnxA2 suppressed metastases in two murine transplantable tumor models (4) .
Human PDA genome studies uncovered genetically altered molecular pathways that may regulate the metastatic process (5, 6) . Although originally identified and characterized as axon guidance genes, genes encoding semaphorins and their cognate receptors (complexes composed of plexins and neuropilins) were found to be among the cellular pathways that are most frequently altered at the genetic level in PDA (5) . The genes encoding axon guidance molecules, including class 3 semaphorins and plexins, were amplified in 18% of PDAs, and an additional 3% of PDAs had mutations in these genes. Previously, amplification of the gene encoding SEMA3A and the gene encoding a member of its receptor plexin A1 (PlxnA1) correlated with poor survival in PDA patients (7) . Biankin et al. (5) found that the abundance of multiple semaphorins increased progressively during pancreatic tumorigenesis in a mouse model of PDA, further suggesting that dysregulation of these molecules contributes to PDA progression.
In addition to their known correlation with PDA survival, plexins also play a role in the development and progression of other cancer types. Specifically, PlxnD1 abundance is associated with high-grade primary and metastatic melanomas (8) as well as poorly differentiated cervical carcinoma tissues (9) . By serving as a cellular receptor and signaling transducer for the class 3 semaphorin Sema3E, PlxnD1 promotes cancer cell invasiveness in multiple human tumor types and metastatic spreading in mouse models (10) . In addition, Sema3E-PlxnD1 signaling suppresses apoptosis in metastatic breast cancer cells (11) . These outcomes of increased PlxnD1 signaling are similar to those implicated for AnxA2 in PDA development (4) . Like these axon guidance pathways, Semaphorin 3D (Sema3D) via PlxnD1 has been implicated in angiogenesis, invasion, cancer cell growth, and survival (12) . Additionally, Sema3D and PlxnD1 have been shown to promote metastasis in various types of cancer and regulate the epithelial to mesenchymal transition (EMT) (13) (14) (15) . Here, we investigated the mechanisms through which Sema3D-PlxnD1 signaling functions in PDA development and metastasis formation.
RESULTS
ANXA2 is essential for PDA metastasis formation in a transgenic mouse model of PDA To evaluate the mechanism by which AnxA2 facilitates PDA development and metastases, we crossed KRAS G12D TP53 R172H PDX-1-CRE +/+ (KPC) mice, which are genetically engineered to develop spontaneous PDA tumors (16) , and ANXA2 homozygous knockout (ANXA2 ) mice. ANXA2 −/− mice have a normal life span and fertility but display defects in neoangiogenesis in vivo and in ex vivo assays (17, 18) . PDA development in the KPC mice recapitulates the progression from low-grade pancreatic intraepithelial neoplasms (PanINs) to invasive PDA in humans (16) . We previously reported that the abundance of AnxA2 during the course of PDA development in KPC mice and in humans also increases with PanIN progression (4) . AnxA2 is localized mainly in the cytoplasm of normal pancreatic epithelial cells and in the inner luminal surface of early PanIN lesions. However, this polarity of AnxA2 distribution is changed in later-stage PanINs when AnxA2 is relocated to the outer luminal surface in PanIN2 and PanIN3 lesions. In accordance with this, we found AnxA2 on the surface of all PanIN3 and invasive PDA cells ( fig. S1 ).
Histological analysis confirmed the presence of primary PDAs in both cohorts of mice (Fig. 1A) . Both KPC and KPCA −/− mice developed PanIN1 lesions at as early as 4 weeks of age. Additionally, both cohorts of mice developed PanIN2 and PanIN3 lesions at as early as 8 and 10 weeks of age, respectively. By 3 months of age, roughly 75% of mice in both cohorts had PanIN3 lesions, and by 4 months, an average of 65% of mice in both cohorts had histologically confirmed PDA when the mice were euthanized (table S1 ). In addition, primary tumors derived from KPC and KPCA −/− mice demonstrated similar rates of proliferation and apoptosis ( fig. S2A ). All KPC and KPCA −/− mice eventually died from the growth of primary PDA as previously observed with KPC mice (16) ; thus, there was also no observable difference in survival. However, despite these similarities in primary tumor growth between the KPC and KPCA −/− mice, the metastatic potential of PDA tumors differed between the two cohorts of mice: Upon gross examination of the mice in both cohorts, metastatic lesions were observed in the liver, peritoneal cavity, and lungs of 16 of 17 KPC mice (Fig. 1 , B and C), whereas no observable gross metastatic lesions were seen in 23 KPCA −/− mice (Fig. 1, B and D) . Despite the ability of primary PDA tumors to grow relatively close to the liver in KPCA −/− mice, only primary PDA tumors expressing ANXA2 in KPC mice were able to invade and grow into the liver (Fig. 1E) .
Because the function of AnxA2 in angiogenesis may play a role in controlling metastatic formation, we examined the vascular network in PDAs from KPC and KPCA −/− mice. We did not observe any obvious differences in the tumor vascular networks between KPC and KPCA −/− mice, as characterized by immunohistochemistry of the endothelial cell marker CD31 ( fig. S2B ) and the pericyte marker NG2 ( fig. S2C) , suggesting that the function of AnxA2 in angiogenesis is unlikely to mediate its role in PDA metastasis.
Reintroduction of ANXA2 restores the metastatic potential of ANXA2 −/− PDA cells
Next, we investigated whether it was specifically the ANXA2 deficiency or additional genetic alterations that led to the loss of metastatic potential in the PDA cells in KPCA −/− mice. To address this question, cell lines were established from the primary tumors of KPC and KPCA −/− mice to be used in a previously reported liver metastasis model in which cells were injected into the circulation via the spleen (4, 19) . Western blot analysis confirmed that the cell line established from a KPCA −/− mouse had no detectable AnxA2 abundance, whereas the cell line established from a KPC mouse did ( Fig. 2A) . The KPC and KPCA −/− cell lines were then injected into the hemi-spleens of syngeneic mice, which were assessed for survival and liver colonization, over the course of, at most, 90 days. Most (8 of 10) of the mice that received an injection of KPCA −/− cells survived to the end of the 90-day study (two mice died as a result of tumors that formed at the splenic injection site) and none developed liver nodules (Fig. 2, B and C). In contrast, all mice that received an injection of KPC cells developed liver nodules and, accordingly, had relatively decreased survival (Fig. 2, B and C). In addition, we found that KPCA −/− cells were rarely able to form micrometastases and did not form colonies in the lung ( fig. S3, A and B) . Because the above experiment showed that KPCA −/− cells injected into the hemi-spleen of syngeneic mice were unable to colonize the liver, we next investigated whether the restoration of ANXA2 expression would enable KPCA −/− cells to colonize the liver. Full-length ANXA2 complementary DNA (cDNA) was introduced into KPCA −/− cells in culture by infection with a green fluorescent protein (GFP)-encoding lentivirus, and the cells were sorted by GFP expression. Although the expression amounts achieved were only~25% of the endogenous amounts of AnxA2 in KPC cells (Fig. 2D) −/− cells using microarray gene expression analysis followed by Spotfire Gene Ontology Browser analysis revealed the top four gene functional categories that were enriched with genes of increased abundance and the top five gene functional categories that were enriched with genes of decreased abundance (Table 1 ). We prioritized in our studies the two functional categories (cell movement pathway and cell morphology and remodeling pathway) that were the most significantly enriched with genes of increased abundance and decreased abundance, respectively, because of their involvement in invasion and metastasis. We then chose the six genes that were the most significantly increased or decreased in abundance from each of the two functional categories for further validation (Fig. 3A) .
To validate the differential expression of these 12 selected genes in PDA, their expression was analyzed in additional pancreatic tumors obtained from KPC and KPCA −/− mice by quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR). The mRNA expression differences between the KPC and KPCA −/− tumors were largely consistent with the microarray analysis of the cell lines (Fig. 3B ). SEMA3D and PLXND1 were of particular interest because they both belong to gene families that are frequently amplified and mutated in human PDA (5). In addition, both genes were decreased in abundance in the absence of ANXA2 (Fig. 3B) , and both the class 3 semaphorin and plexin protein families were previously shown to have a ligand-receptor relationship. As shown in the Western blot analysis, the protein abundance of Sema3D was decreased in KPCA −/− cells compared to that in KPC cells, in accordance with the qRT-PCR results. However, the protein abundance of PlxnD1 was similar in both KPC and KPCA −/− cells (Fig. 3C) . (Fig. 3D) . In KPC mice, Sema3D was primarily present in the cytoplasm and membrane of pancreatic tumor cells and was also present on the extracellular surface, possibly in a secreted form, whereas in KPCA −/− mice (which lacked ANXA2 expression), Sema3D was modestly decreased in abundance, and its presence was localized primarily to the perinuclear or nuclear regions of PDA tumor cells (Fig. 3E) . In contrast, the localization of PlxnD1 and the localization of Sema3A, another member of the class 3 semaphorin family, were unaffected by ANXA2 expression (Fig. 3F and fig. S4 ).
AnxA2 regulates the secretion of Sema3D from PDA cells Class 3 semaphorins, including Sema3D, are secreted proteins (20) . Our results thus far showed that tumor cells from KPCA −/− mice have decreased abundance of Sema3D compared to KPC cells that express ANXA2, but the extracellular Sema3D, which is possibly a secreted form of Sema3D, was also substantially decreased in these cells. Thus, we hypothesized that AnxA2 regulates the secretion of Sema3D rather than the expression of SEMA3D in PDA cells. To test this hypothesis, we first used enzyme-linked immunosorbent assay (ELISA) to measure the amount of secreted Sema3D in the cell culture supernatant, and found that the 24-hour secretion of Sema3D from KPCA −/− cells was significantly lower than that from KPC cells (Fig. 4A ). This about 70-fold decrease in Sema3D secretion cannot be explained by the decrease in protein or RNA expression of Sema3D in KPCA −/− compared with KPC cells, because RNA expression was reduced by less than 10-fold (Fig. 3C) . Rather, this result suggests that, in the absence of ANXA2, not only were the RNA and protein abundances of Sema3D decreased but alsoand perhaps more importantly-the secretion of Sema3D was diminished. To confirm that AnxA2 mediated Sema3D secretion, we tested whether blockade of AnxA2 with function-blocking antibodies against AnxA2 (4) could suppress Sema3D secretion. We found that the addition of AnxA2 antibodies to KPC cells suppressed Sema3D secretion from these cells in a dose-dependent manner, whereas Sema3D secretion from KPCA −/− cells was unaffected (Fig. 4A) . Similarly, small interfering RNA (siRNA) knockdown of ANXA2 in KPC cells resulted in decreased Sema3D secretion ( fig. S5 ). Therefore, these data support a role for AnxA2 in regulating the secretion of Sema3D from PDA cells.
To further understand the mechanism by which AnxA2 regulates the secretion of Sema3D, we examined whether an exocytosis inhibitor could inhibit the secretion of Sema3D because AnxA2 is known to play a role in exocytosis (21) . We found that Sema3D secretion was inhibited in the presence of an exocytosis inhibitor ( fig.  S6A ). The phosphorylation of Tyr 23 in AnxA2 is important for the endocytic and exocytic functions of AnxA2 (22) . We found that a Y23A mutant of ANXA2, which we previously reported to suppress PDA invasion and metastasis (4), largely inhibited the secretion of Sema3D from PDA cells ( fig. S6B ). Nonetheless, whether Sema3D secretion is mediated by the role of AnxA2 in exocytosis remains to be explored. 
AnxA2 interacts with Sema3D and controls the complex formation between Sema3D and PlxnD1
To understand how AnxA2 mediates the secretion of Sema3D, we examined the protein-protein interaction between Sema3D and AnxA2 in PDA cells. Sema3D coimmunoprecipitated with AnxA2 in PDA cells (Fig. 4B ), indicating that AnxA2 binds to Sema3D. Because AnxA2 is localized to the extracellular cell surface and is involved in exocytosis (21, 23, 24) , AnxA2 may carry Sema3D to the cell surface for secretion. The secreted form of Sema3D binds neuropilin 1 (NP-1) on the surface of mammalian cells (25) , and the plexin family of proteins can act as co-receptors for semaphorins along with NP-1 by providing an intracellular domain to mediate intracellular signaling (26) . However, the exact co-receptor for Sema3D is unknown. Therefore, we hypothesized that Sema3D, secreted from PDA cells, binds to the PlxnD1 co-receptor on the surface of PDA cells in an autocrine fashion. Supporting our hypothesis, coimmunoprecipitation assays indeed showed that PlxnD1 formed a complex with Sema3D in KPC PDA cells that express ANXA2 (Fig. 4C) . However, even though greater quantities of cell lysate from KPCA −/− cells were used for the coimmunoprecipitation assay to study equivalent amounts of both Sema3D and PlxnD1 proteins as was isolated from KPC PDA cells, PlxnD1 was unable to be coimmunoprecipitated from the KPCA −/− PDA cells, using antibodies against Sema3D. This result suggests that AnxA2 is required for Sema3D and PlxnD1 to form a complex, likely through controlling the secretion of Sema3D from PDA cells to facilitate the subsequent interaction between Sema3D and PlxnD1 on the surface of the tumor cell. Thus, in KPCA −/− cells lacking ANXA2 expression, where Sema3D secretion is diminished, no Sema3D would bind to PlxnD1 on the surface of the cell.
Exogenous Sema3D can bind to PlxnD1 on the surface of the cell
To further demonstrate that Sema3D can bind to the cell surface of PDA cells via PlxnD1, we performed an alkaline phosphatase (AP) binding assay, which was previously used to study the binding between semaphorins and plexins on mammalians cells (25) . SEMA3E-AP was used as a positive control for binding to PlxnD1 in the absence of NP-1, and NP-1 was used as a positive control for SEMA3D-AP binding, as described previously ( fig. S7A ) (25) . SEMA3D-AP weakly and infrequently bound to the surface of COS7 cells transfected with a PLXND1-VSV plasmid but not to untransfected COS7 cells ( Fig. 4D and fig. S7B ). Nevertheless, stronger binding of Sema3D was observed on cells cotransfected with PLXND1 and NP-1. We further confirmed the binding of Sema3D to NP-1 by coimmunoprecipitation in PDA cells ( fig. S8 ). Because COS7 cells express ANXA2 (27), KPC and KPCA −/− cells were also used in the AP binding assay to determine if AnxA2 is required for secreted Sema3D to bind to PlxnD1. Sema3D-AP bound PlxnD1 in both KPC and KPCA −/− cells (Fig. 4E ). Together, these results indicate that AnxA2 promotes the secretion of Sema3D and that Sema3D, once secreted, binds PlxnD1 independently of AnxA2.
Knockdown of SEMA3D decreases the invasion and metastatic capacity of PDA cells and prolongs the survival of PDA-bearing mice AnxA2 was previously shown to be required for PDA invasion and migration (4). Our new findings show that it also controls the secretion of Sema3D and, subsequently, the interaction between Sema3D and PlxnD1. Because both Sema3D and PlxnD1 are involved in cell motility (26), we examined whether Sema3D is also involved in PDA invasion and metastasis formation. To first test this in vitro, SEMA3D expression was knocked down with shRNA in the carcinogen-induced Panc02 PDA cells (Fig. 5A ). The KPC cells were not used because of their leakage through the 8-mm filter in the Boyden invasion assay chamber. The invasion capacity of Panc02 cells was significantly decreased after SEMA3D knockdown in this in vitro invasion assay (Fig. 5B) . The low invasive activity of PDA cells with the SEMA3D-targeting shRNA was not due to a decrease in proliferation ( fig. S9, A and B) . In addition, nuclear localization of Snail-1, an EMT marker and a downstream effector of PlxnD1 (15) , was decreased in SEMA3D knockdown cells in response to transforming growth factor-b [TGF-b, an inducer of EMT (4)] (fig. S10), further suggesting that the role of Sema3D in PDA invasion and EMT-associated migration is likely mediated by PlxnD1. Next, we returned to the hemi-spleen liver metastasis model to determine whether knockdown of SEMA3D expression in KPC cells results in inhibition of the metastatic potential of KPC cells in vivo. KPC cells infected with lentivirus carrying the SEMA3D-targeting shRNA or those infected with control lentivirus were injected into the hemi-spleens of C57Bl/6 mice. Two weeks after tumor implant, extensive metastases were visualized in the livers of 11 of 12 mice receiving KPC cells infected with lentivirus carrying the control shRNA, whereas only small metastases were observed in 5 of 13 mice receiving KPC cells infected with the SEMA3D-targeting shRNA (Fig. 5C) . Moreover, an independent experiment indicated that mice receiving KPC cells with the SEMA3D-targeting shRNA survived significantly longer than mice receiving KPC cells with the control shRNA (Fig. 5D ). These results suggest that Sema3D is required for the homing and colonization steps of PDA metastasis.
To confirm a role of Sema3D in metastasis formation, we compared the growth rates of KPC cells with SEMA3D shRNA and KPC cells with control shRNA when KPC tumors were orthotopically implanted in the pancreas of syngeneic mice. Ultrasonic measurement of orthotopically implanted pancreatic tumors on days 6 and 20 after tumor implantation showed no significant difference in tumor development or growth rate between the tumors formed by KPC cells with SEMA3D shRNA and those formed by KPC cells with control shRNA (Fig. 5E and fig. S11, A and B) . Furthermore, the tumor weights upon necropsy were not significantly different between the control shRNA and SEMA3D shRNA groups ( fig. S12 ). In the control group of 10 mice, nine metastases were identified in the lung, liver, or peritoneum. However, in nine mice bearing tumors with SEMA3D-targeting shRNA, only two metastases were identified ( Overexpression of SEMA3D partially reverses the defect in invasion and metastasis formation in ANXA2-deficient PDA cells
If Sema3D mediates the role of Anxa2 in PDA invasion and metastasis formation, we would anticipate that AnxA2-independent secretion of Sema3D may restore or partially restore the defect of ANXA2-deficient PDA cells in invasion and metastatic potential. To test this hypothesis, we knocked down ANXA2 from Panc02 cells with ANXA2-targeting siRNA as described previously (4) and concurrently transfected the cells with a plasmid constitutively overexpressing SEMA3D through a cytomegalovirus promoter. We found that PDA cells transfected with this plasmid were able to secrete Sema3D at a reduced amount in the absence of ANXA2 ( fig. S14 ), although the exact mechanism for the secretion of this exogenously overexpressed SEMA3D remains to be explored. Panc02 cells transfected with scramble siRNA and/or an empty plasmid were used as a control. ANXA2-targeting siRNA significantly suppressed the invasion of Panc02 cells (Fig. 6A) . However, overexpression of SEMA3D showed a trend but did not significantly restore the ANXA2 siRNA-suppressed invasion capacity of Panc02 cells. Similarly, the addition of exogenous Sema3D-AP to the culture medium was also able to partially restore the ANXA2 siRNA-suppressed invasion capacity of Panc02 cells (fig. S15) ; however, when PLXND1 was also knocked down by siRNA, Sema3D-AP was no longer able to restore this suppressed invasion capacity. This result further suggests that PlxnD1 mediates the role of Sema3D in PDA invasion. Next, KPCA −/− cells were infected with GFP-encoding lentivirus carrying the mouse Sema3D, and their capacity to form liver metastases was tested in the hemi-spleen model. None of the mice receiving KPCA −/− cells infected with the same lentivirus expressing GFP alone formed liver metastases (Fig. 2) . SEMA3D overexpression did not alter tumor cell proliferation rate ( fig. S9C) or primary tumor growth (fig. S9D ). However, 11 of 12 mice receiving KPCA −/− cells infected with lentivirus carrying both SEMA3D and GFP cDNAs developed liver metastases, assessed mid-assay by ultrasound ( fig. S16) and assessed terminally at necropsy (Fig. 6B) , suggesting that reintroduction of SEMA3D can largely restore the loss of metastatic potential in KPCA −/− cells. Together, these results suggest that Sema3D and PlxnD1 represent an AnxA2-downstream pathway that mediates the role of AnxA2 in PDA invasion and metastasis formation.
DISCUSSION
PDA is rarely controlled or cured by current therapeutic interventions because of a minimal understanding of the biologic processes that control its development, invasion, and metastasis formation. Our study elucidated one mechanism of PDA metastasis formation that is mediated by AnxA2-dependent Sema3D secretion and subsequent autocrine activation of PlxnD1
Our previous study demonstrated that AnxA2 is involved in PDA metastasis formation in two murine tumor transplant models (4) 
out that our observations in ANXA2-null PDA tumors could be due to secondary biological changes; however, these results are consistent with the previously reported studies in which RNA interference of ANXA2 produced a similar effect (4).
Sema3D and PlxnD1 were prioritized for further studies because these genes were found to be frequently altered at the genetic level in human PDAs (5). Our immunohistochemistry studies correlating the increase in abundance of Sema3D and PlxnD1 in human PDA metastases with poorer survival provide evidence suggesting that they likely are important for human PDA metastasis development. However, they are not the only downstream mediators. Overexpression of SEMA3D did not completely reverse the defects in PDA invasion and metastasis formation under ANXA2 knockout or knockdown conditions, although it is also possible that overexpression of SEMA3D could not fully restore the abundance and kinetics of Sema3D secretion. Thus, it is important to explore other downstream pathways of AnxA2 in the future.
Our study shows that AnxA2 regulates the autocrine function of Sema3D by controlling its secretion, which makes Sema3D available in the extracellular space, where it binds PlxnD1 on the surface of PDA tumor cells (Fig. 6C) . However, overexpression of SEMA3D was able to largely restore the function of Sema3D in the absence of AnxA2. Thus, future studies are required to delineate the mechanism and extent to which AnxA2 controls Sema3D secretion. Possibilities include genetic regulation of the gene and altered transport of the molecule within the tumor cell. Class 3 semaphorins colocalize with secretory vesicle proteins, such as Synaptobrevin (30) , and AnxA2 has been implicated in vesicle trafficking and exocytosis (31) . Thus, given these roles and our observation that Sema3D secretion is decreased after inhibition of exocytosis, it is possible that AnxA2 regulates the packaging of Sema3D into vesicles. Control shRNA (n = 10 mice) 9 SEMA3D shRNA (n = 9 mice) 2 Future studies are also needed to clarify how the interaction of Sema3D with PlxnD1 functionally promotes tumor metastases. It is possible that Sema3D's autocrine function regulates PDA cell motility, considering the known functions of semaphorins and plexins in axon repulsion (32) as well as our previous report showing that AnxA2 regulates cell motility and EMT in both human and mouse PDA cells (4). Additionally, it is possible that Sema3D may also act through a paracrine pathway because PlxnD1, its putative co-receptor, is also found on lymphovascular vessels and nerves (25, 33) . A paracrine mechanism should be further studied because lymphovascular invasion and perineural invasion are two poor prognostic factors (34, 35) and are also proposed to be routes for cancer cells to metastasize along blood vessels, lymphatic vessels, and nerves (34, 35) . Additionally, it will be interesting to explore whether the downstream signaling pathways that mediate the role of PlxnD1 in axon repulsion also mediate the role of AnxA2-Sema3D-PlxnD1 signaling in PDA invasion and metastasis. Previously, it was shown that the Sema3E-PlxnD1 interaction activates a signaling cascade downstream to the phosphorylation of the epidermal growth factor receptor family member ErbB2, specifically through activation of mitogen-activated protein kinase (MAPK) and phospholipase C-g, which subsequently drives invasion and metastasis (10) . Thus, it will be important to explore whether the Sema3D-PlxnD1 interaction also activates this signaling cascade during the PDA metastatic process.
In summary, this study has revealed a mechanistic role of axon guidance genes in PDA metastasis, and further studies are warranted to uncover the exact processes by which Sema3D and PlxnD1 induce invasion of PDA cells from the primary tumor site into the surrounding blood vessels, nerves, and lymphatic vessels. Nonetheless, this study provides a strong rationale for the development of new therapies targeting AnxA2 and Sema3D as an adjuvant treatment for PDA after local resection.
MATERIALS AND METHODS

Human PDA specimens
According to a Johns Hopkins Medical Institution (JHMI) Institutional Review Board (IRB)-approved protocol, archived PDA specimens were obtained from consecutive patients who underwent pancreaticoduodenectomy between 1998 and 2004 at Johns Hopkins Hospital (JHH) and received adjuvant chemoradiation therapy as previously described (36) . Only patients who were primarily followed at JHH, with a DFS of >2 or <1 years, and whose archived paraffin-embedded tissue blocks were in good condition were included. In addition, a tissue microarray made from PDA specimens that were obtained from a JHMI IRB-approved rapid autopsy protocol was also included as previously described (37, 38) .
Mouse models of PDA
All animal experiments conformed to the guidelines of the Animal Care and Use Committee of the Johns Hopkins University, and animals were maintained in accordance with the guidelines of the American Association of Laboratory Animal Care. All mice were monitored twice a day.
A genetically engineered mouse model of PDA, designated KPC mice, was previously established through a knock-in of pancreatic-specific, conditional alleles of the KRAS G12D and TP53 R172H mutations on a mixed 129/SvJae/C57Bl/6 background. These mice, when crossed with PDX-1-CRE +/+ mice, develop PanIN lesions that progress stepwise, similar to human disease, into PDA (16) . The KPC mice were successfully backcrossed onto a C57Bl/6 background for nine generations. In addition to the KPC mice, ANXA2 homozygous knockout mice (ANXA2 −/− ) on a C57Bl/6 background were also obtained (17) ) mice. The mouse hemi-spleen liver metastasis model has been previously described (19, 39) . In short, the spleens of anesthetized female C57Bl/6 mice of ages 8 to 10 weeks were divided into two halves, and the halves were clipped. In total, 2 × 10 6 PDA cells were injected into the splenic vessels (splenic artery and veins) through one hemi-spleen followed by a flush of phosphate-buffered saline (PBS) buffer. After the injection, the splenic vessels draining the injected hemi-spleen were clipped, and the hemi-spleen was removed. The abdominal wall was sutured, and the skin was adapted using wound clips. All mice were followed twice daily for survival.
The mouse pancreatic orthotopic model was described previously (4). In brief, 2 × 10 6 PDA cells were subcutaneously injected into the flanks of syngeneic female C57Bl/6 mice. After 1 to 2 weeks, the subcutaneous tumors were harvested and cut into~1-mm 3 pieces. New syngeneic female C57Bl/6 mice, ages 8 to 10 weeks, were anesthetized. The abdomen was opened via a left subcostal incision. A small pocket was prepared inside the pancreas using microscissors, into which one piece of the subcutaneous tumor was implanted. The incision in the pancreas was closed with a suture. The abdominal wall was sutured, and the skin was adapted using wound clips. Tumor size and metastasis formation were monitored at the indicated time points using small-animal ultrasound (Vevo770, VisualSonics).
Inferior vena cava model of lung metastases
The inferior vena cava (IVC) of anesthetized female C57Bl/6 mice of ages 8 to 10 weeks was exposed by making a midline incision into the peritoneum and moving the small and large intestines to one side. In total, 5 × 10 5 KPC or KPCA −/− cells were injected into the IVC at a position above the superior mesenteric vein. A sterile cotton swab was used to apply pressure for 2 to 3 min immediately after the injection to allow the blood to clot. The abdominal wall was sutured, and the skin was adapted using wound clips. All mice were followed twice daily. The mice were sacrificed 19 days after the IVC injection, and the lungs were harvested for histological analysis of metastasis formation. This model produces lung metastases more consistently than tail vein injection.
At necropsy, metastases were examined. Both macrometastases and micrometastases were scored for all metastatic evaluations. However, only the microscopic evaluations are presented here. The pancreas as well as the primary sites of metastases, including the liver, lung, and bowel, were removed and carefully sectioned for histological examination ( fig. S17 ). All macrometastases observed during necropsy were confirmed upon histological analysis. Additional micrometastases were found in some mice upon histological examination of the tissue sections. Each experiment was repeated at least twice.
Development of KPC and KPCA
−/− primary epithelial tumor cell lines Pancreatic tumors were harvested from KPC or KPCA −/− mice into transport medium [RPMI 1640, penicillin (50 U/ml), streptomycin (50 mg/ml), gentamicin sulfate (10 mg/ml), and fungizone (2.5 mg/ml); Invitrogen] and placed on ice. The tumors were diced using a surgical blade, placed in prewarmed digest medium [RPMI 1640, 5% fetal bovine serum (FBS), collagenase (1500 U/ml), and hyaluronidase (1000 U/ml); Invitrogen] and incubated at 37°C for 1 hour. After the digest, the tumor was filtered through a cell strainer (100 mm). The cells were spun at 1500 rpm for 10 min. All of the cells were plated in a 25-cm flask in primary pancreatic tumor medium [RPMI 1640, 10% FBS, 2 mM L-glutamine, 1% nonessential amino acids, 1 mM sodium pyruvate, penicillin (50 U/ml), and streptomycin (50 mg/ml); Invitrogen]. Two days later, the nonadherent cells were removed, and fresh primary pancreatic tumor medium was added to the flask. When the cells reached confluence, trypsin was added to the flask for 1 min to remove the fibroblasts. The fibroblasts were transferred to a new flask, and fresh medium was added to the original flask. This procedure was repeated until pure epithelial and fibroblast cell lines were obtained.
Cells
KPC and KPCA
−/− cell lines were developed as described previously. Panc02 cells are a methylcholanthrene-induced pancreatic tumor cell line derived from C57Bl/6 mice (40). All mouse pancreatic tumor cells were maintained in RPMI 1640 medium containing 10% FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 1% nonessential amino acids (100×), penicillin (50 U/ml), and streptomycin (50 mg/ml) (Invitrogen) in a humidified incubator at 37°C, 5% CO 2 . COS7 cells were maintained in Dulbecco's modified Eagle's medium containing 10% FBS in a humidified incubator at 37°C, 5% CO 2 .
Cell proliferation
Cell proliferation was verified using cell counting kit-8 (CCK8). In brief, 2.5 × 10 5 tumor cells were plated in a six-well plate in complete medium. For the 0-hour time point, the medium was removed and replaced with 1 ml of fresh medium along with 100 ml of CCK8 reagent (Sigma) once the cells adhered to the plate. The plate was returned to the incubator for 2 hours and read at 450 nm on a SpectraMax M3 plate reader, using Softmax Pro v. 6.3 software (Molecular Devices). This procedure was repeated at 24 and 48 hours.
Quantitative RT-PCR
Pancreatic tumors were harvested from KPC and KPCA −/− mice, flash-frozen in liquid nitrogen or optimum cutting temperature compound (OCT), and stored at −80°C until RNA extraction was performed or slides were sectioned. RNA was extracted from flash-frozen pancreatic tissues using Trizol reagent. In brief, pancreatic tumors were diced in 1 ml of Trizol reagent and incubated at room temperature for 30 min. Chloroform was added (200 ml), and the samples were shaken vigorously for 15 s before incubation at room temperature for 2 min. Samples were spun at 12,000 rpm, and the aqueous phase was transferred to a fresh microcentrifuge tube. Isopropanol was added to the aqueous phase, and the samples were left at room temperature for 10 min. The samples were again centrifuged at 12,000 rpm, and the supernatant was removed. The RNA pellet was washed once in 75% ethanol, centrifuged at 9500 rpm, and left to air-dry for 30 min at room temperature. The RNA pellet was resuspended in 50 ml of distilled water, which was then added to a Qiagen Mini-Prep RNA extraction column. Then, RNA purification was performed according to the manufacturer's instructions (Qiagen).
RNA was extracted from the frozen sections of pancreatic tumor embedded in OCT using Ambion's RNAqueous-Micro kit according to the manufacturer's protocol. qRT-PCR was performed on an Applied Biosystems RT-PCR machine (Life Technologies). All primers were obtained from Applied Biosystems (Life Technologies). Reactions were performed using Taq MasterMix (Life Technologies). All mRNA expression values were normalized to mouse GAPDH expression values.
Western blot analysis
Cells were lysed in 250 mM NaCl, 5 mM EDTA, 50 mM tris (pH 7.4), and 0.5% NP-40 containing protease inhibitors. After lysis, the lysate was spun at 15,000 rpm for 5 min. Samples boiled in SDS sample buffer containing reducing agents (Bio-Rad) were loaded and electrophoresed on a 4 to 12% bis-tris gel (Bio-Rad) for 2 hours at 120 V. The gels were transferred onto nitrocellulose membranes at 80 V for 1 hour at 4°C. The membranes were blocked in 5% bovine serum albumin (BSA) overnight at 4°C on a shaker. Primary antibodies were added in 2.5% BSA, and the membranes were incubated at room temperature for 2 hours. The membranes were washed and then incubated with rabbit or mouse secondary antibodies against horseradish peroxidase (1:5000; GE) for 1 hour at room temperature. The membranes were again washed and then developed using enhanced chemiluminescence reagent (GE).
Western blot analysis was performed using the following primary antibodies: a rabbit polyclonal antibody against Sema3D (1:1000; Abcam), a rabbit polyclonal antibody against AnxA2 (1:000; Santa Cruz Biotechnology), a rabbit polyclonal antibody against PlxnD1 (1:1000; Novus), or a mouse polyclonal antibody against b-actin (1:500; Santa Cruz Biotechnology).
Restoration of ANXA2 expression in the KPCA
−/− cell line
The full-length mouse ANXA2 cDNA (wild type and Y23A) (National Center for Biotechnology Information, GenBank: BC005763.1) was amplified using the following primers: forward, GCGTCTAGAATGTCTACTGTCCAC-GAAATCCTG; reverse, CGCGGATCCTCAGTCATCCCCACCACA-CAGGT. The amplicon was purified using the QIAquick PCR Purification Kit (Qiagen) and verified by sequencing. The QIAquick Gel Extraction Kit (Qiagen) was used to purify the PCR product, and the product was then ligated into a pHIV-EGFP plasmid. The plasmid was grown in an overnight culture under ampicillin selection and was then purified using the PureLink HiPure Plasmid Maxiprep Kit (Invitrogen). To produce lentivirus expressing mouse ANXA2, 293T cells were seeded in multiple six-well plates to 80% confluence. The plasmid containing ANXA2 was cotransfected with packaging plasmids into 293T cells as previously described (41), using Lipofectamine 2000 (Invitrogen) in Opti-MEM medium. Lentiviral supernatant was collected at 48 hours. For infection, KPC cells were seeded in a 75-cm flask to 80% confluence. For each 75-cm flask, 5 ml of lentiviral supernatant was added with polybrene (5 mg/ml), and the cells were incubated for 48 hours before being harvested. The cells were then analyzed by fluorescence-activated cell sorting (FACS) for GFP-positive cells and maintained in culture medium containing puromycin (0.25 mg/ml), which is a nonselecting dose. AnxA2 abundance in the sorted cells was confirmed by Western blot.
Overexpression of SEMA3D, shRNA knockdown of SEMA3D, and shRNA knockdown of PLXND1 in KPC cells
Lentivirus expressing mouse SEMA3D cDNA (pReceiver-Lv203, GeneCopoeia), mouse SEMA3D shRNA (GeneCopoeia), or mouse PLXND1 shRNA (Thermo Scientific) was produced as described earlier. For infection, KPC cells were seeded in a 75-cm flask to 80% confluence. For each 75-cm flask, 5 ml of lentiviral supernatant was added with polybrene (5 mg/ml) and incubated for 48 hours before the cells were harvested. The cells were then analyzed by FACS for GFP-positive cells. Sema3D and PlxnD1 abundance in the sorted cells was assessed by Western blot.
Plasmid transfection and RNA interference
For plasmid transfection and RNA interference, cells were seeded in 10-cm dishes to 80% confluence. For each dish, 20 pmol of each siRNA duplex was transfected with Lipofectamine 2000 in serum-containing medium according to the manufacturer's instructions (Invitrogen). For invasion analysis, the culture medium was replaced with serum-free medium 24 hours after transfection, and the cells were harvested and plated in the invasion chamber 24 hours later. The ANXA2 (4), PLXND1, and scramble siGENOME siRNAs were purchased from GE.
Microarray analysis
RNA was extracted from the KPC and KPCA −/− cell lines using the Qiagen RNA Mini Kit according to the manufacturer's instructions. Microarray analysis was performed at the Johns Hopkins Deep Sequencing and DNA Microarray Core using the Affymetrix MoEx Mouse Exon 1.0 ST array (Affymetrix). Data were extracted, RMA (robust multi-array average)-normalized, and analyzed for gene-level expression on the Partek Genomics Suite 6.6 platform (Partek Inc.). Gene Ontology analysis was performed using Spotfire DecisionSite with Functional Genomics Gene Ontology Browser (Tibco Spotfire Inc.). The genes that were increased or decreased in abundance by more than 1.5-fold were included for the analysis, which compared them to the universe of all the microarray's genes. The canonical pathways containing these genes were ranked by P values according to Fisher's exact test. The lower the P value is, the less likely these results could have occurred by chance, and thus, the more significantly the given pathway is enriched with genes that are either increased or decreased in abundance. We prioritized in our studies the two functional categories (cell movement pathway and cell morphology and remodeling pathway) that are the most significantly enriched with genes increased and decreased in abundance, respectively, because we are interested in studying the role of AnxA2 in invasion and metastasis. We then chose the six genes that were the most significantly increased or decreased in abundance from each of the two functional categories for further validation by RT-PCR in independent KPC and KPCA −/− tumor tissue.
Immunofluorescence
OCT-embedded frozen pancreatic tumors from KPC and KPCA −/− mice were sectioned and fixed in 4% paraformaldehyde for 10 min. The tumor sections were incubated in PBS containing 0.1% Triton X-100 for 5 min and then washed with PBS. Then, the tumor sections were blocked with 10% normal goat or donkey serum in PBS for 1 hour. Next, the tumor sections were incubated with antibodies against Sema3D (Abnova), PlxnD1 (Novus), Sema3A (Abcam), Snail1 (Abcam), NG2 (Chemicon), or AnxA2 (Cell Signaling) at a dilution of 1:25, 1:50 (Snail1), 1:300 (NG2), or 1:100 (AnxA2) in 10% normal goat or donkey serum overnight at 4°C. After the overnight incubation, the tumor sections were washed and were further incubated with FITC-conjugated goat antibodies against rabbit immunoglobulin G (IgG), FITC-conjugated goat antibodies against mouse IgG (Southern Biotechnology), or AF594-conjugated donkey antibodies against rabbit IgG (Life Technologies) at a 1:200 dilution or according to the manufacturer's instructions (AF594) in 10% normal goat or donkey serum at room temperature for 1 hour. NG2 staining was performed according to a previously described protocol (42) . The tumor sections were subsequently washed and mounted in medium containing DAPI (4′,6-diamidino-2-phenylindole) (Vector Labs) before being examined under a fluorescence microscope.
Sema3D ELISA
Sema3D ELISA was performed according to the manufacturer's protocol (Cusabio). In brief, KPC and KPCA −/− cells were plated at 2.5 × 10 5 cells per well in a six-well plate. The next day, the medium was replaced with fresh medium containing the indicated amount of mouse monoclonal antibody against AnxA2 (clone Z014, both human and murine AnxA2-reactive; Invitrogen), and the cells were returned to the incubator for 24 hours. After incubation, the supernatant was removed from each well and spun at 1500 rpm for 5 min to remove any floating cells. The supernatant from the KPC cells was diluted 1:66 in the sample buffer provided in the kit, whereas the supernatant from the KPCA −/− cells was diluted 1:3 in the sample buffer. These dilutions were chosen because the final concentrations of Sema3D in these samples approximated 300 pg/ml, which falls in the middle of the standard curve.
Coimmunoprecipitation
Coimmunoprecipitation of AnxA2 and Sema3D was performed as follows. The Pierce Crosslink IP Kit (Thermo Scientific) was used to cross-link AnxA2 antibodies (BD Biosciences) to beads before performing coimmunoprecipitation according to the manufacturer's instructions with modifications. In brief, Protein A/G Plus agarose beads were loaded onto a column along with 5 mg of AnxA2 antibodies. Then, the column was incubated on a rotator for 60 min at room temperature. Next, after washing the beads three times with coupling buffer followed by centrifugation, 2.5 mM disuccinimidyl suberate was added to the column, and the cross-linking reaction was allowed to proceed for 1 hour on a rotator at room temperature. Then, the column was washed three times, and antibody cross-linking was confirmed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Next, cell lysates were added to the cross-linked antibodies, and coimmunoprecipitation was performed at 4°C for 2 hours on a rotator. After the incubation, the column was washed, and the beads were boiled in SDS buffer containing reducing agents. Finally, coimmunoprecipitates were analyzed by SDS-PAGE followed by Western blot.
Coimmunoprecipitation of Sema3D and PlxnD1 was performed as follows. First, rabbit polyclonal antibodies against Sema3D (Abcam) or rabbit polyclonal antibodies against IgG (Abcam) (1 mg) were added to the cell lysates and incubated for 2 hours on an end-over-end rotator at 4°C. Then, 100 ml of the Protein G Sepharose 4 Fast Flow bead slurry (GE) was added to the cell lysates in lysis buffer containing 150 mM NaCl, 50 mM tris (pH 7.4), and 1% NP-40. The lysate was incubated with the beads at 4°C overnight on an end-over-end rotator. Then, the beads were pelleted by pulse spin and washed five times (5 min each) in ice-cold lysis buffer [200 mM NaCl, 50 mM tris (pH 7.4), and 1% NP-40] on an end-overend rotator. Finally, the beads were boiled in SDS sampling buffer containing reducing agents, and the coimmunoprecipitates were analyzed by SDS-PAGE followed by Western blot.
Coimmunoprecipitation of Sema3D and NP-1 was performed as follows. First, rabbit polyclonal antibodies against Sema3D (Abcam) or rabbit polyclonal antibodies against IgG (Abcam) (1 mg) were added to the cell lysates and incubated for 2 hours on an end-over-end rotator at 4°C
. Then, 100 ml of the Protein G Sepharose 4 Fast Flow bead slurry (GE) was added to the cell lysates in lysis buffer containing 150 mM NaCl, 50 mM tris (pH 7.4), and 1% NP-40. The lysate was incubated with the beads at 4°C overnight on an end-over-end rotator. Then, the beads were pelleted by pulse spin and washed five times (5 min each) in ice-cold lysis buffer [200 mM NaCl, 50 mM tris (pH 7.4), and 1% NP-40] on an end-over-end rotator. Finally, the beads were boiled in SDS sampling buffer containing reducing agents, and the coimmunoprecipitates were analyzed by SDS-PAGE followed by Western blot.
Invasion assay
Invasion assays were performed using the Trevigen 96-well invasion assay kit according to the manufacturer's instructions with modifications (Trevigen). In brief, the Transwells were coated overnight with 1× basal membrane extract, and the cells were serum-starved 24 hours before the assay. Then, the cells were plated at 5 × 10 5 cells per well in triplicate in the top well of the Transwell plate. Invasion was measured 24 hours later using CCK8 (Sigma). Briefly, the cells in the top well were removed, and the wells were washed three times with the washing buffer provided in the kit. The top well of the Transwell plate was placed in a fresh 96-well plate containing 170 ml of complete cell medium and 17 ml of CCK8 reagent. The plate was returned to the incubator and incubated at 37°C, 5% CO 2 for 2 to 4 hours in the dark. After the incubation, the top chamber of the Transwell plate was removed, and the plate was read at 450 and 650 nm. Serum-free medium was added to the bottom well of the controls. CCK8 units were adjusted by subtracting the background invasion of the serum-free control from the experimental groups.
Immunohistochemistry
Immunohistochemistry staining for Sema3D and PlxnD1 was performed using a standard protocol on an automated stainer from Leica Microsystems. After deparaffinization and hydration of tissue, heat-induced antigen retrieval was performed with EDTA buffer (pH 9.0) for 20 min. Incubation with rabbit antibodies against Sema3D (Abcam) at a 1:100 dilution or rabbit antibodies against PlxnD1 (Novus) at a 1:50 dilution for 30 min was followed by incubation with secondary antibody from the bond polymer REFINE detection kit (Leica Microsystems). The reaction was developed using the substrate 3,3′-diaminobenzidine hydrochloride (DAB; Vector Labs). All slides were counterstained with hematoxylin.
Immunohistochemistry for Ki67 and CD31 was performed manually. After deparaffinization and hydration of tissue, heat-induced antigen retrieval for Ki67 staining was performed in citrate buffer (pH 6.0) using a pressure cooker at 125°C for 30 s and 95°C for 10 s. Heat-induced antigen retrieval for CD31 staining was performed in EDTA buffer (pH 9.0) using a steamer for 1 hour at 97°C. Incubation with rabbit antibodies against Ki67 (Abcam) at a 1:500 dilution or rabbit antibodies against CD31 (Abcam) at a 1:100 dilution for 1 hour was followed by incubation with biotinylated secondary goat antibodies against rabbit IgG (Vector) at a 1:200 dilution for 30 min. After incubation with ABC Vectastain reagent (Vector), the reaction was developed using the DAB substrate (Vector Labs). All slides were counterstained with hematoxylin.
AP binding assay
The AP binding assay was performed as previously described (25) . To produce the AP fusion proteins, COS7 cells (1.5 × 10 6 ) were transfected with 12 mg of plasmid DNA (CTRL-AP, SEMA3D-AP, or SEMA3E-AP), using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Twenty-four hours after transfection, the culture medium was replaced with serum-free medium. Forty-eight hours after transfection, the supernatant was harvested from the cells and filtered using a 0.22-mm syringe filter. The amount of AP-tagged ligand in the supernatant was measured using a colorimetric AP assay kit (Abcam). Next, the supernatant containing the AP fusion proteins was added to COS7 cells (2.5 × 10 5 ), which were transfected with 2 mg of PLXND1 or NP-1 per well for 48 hours in a six-well plate, for 75 min with gentle rocking at room temperature. After incubation, the cells were washed six times with HBH [1× Hanks' balanced salt solution, 0.05% BSA, 20 mM Hepes (pH 7.0), 6 mM calcium chloride, and 2 mM magnesium chloride]. Next, the cells were fixed in 60% acetone, 3% formaldehyde, and 20 mM Hepes (pH 7.0) for 1 min. Then, the cells were washed three times with HBH, and the HBH was replaced with HBS [20 mM Hepes (pH 7.0) and 150 mM NaCl]. Endogenous AP was inactivated by incubating in a humidified chamber at 65°C for 110 min. Finally, AP was visualized using AP stain [100 mM tris (pH 9.5), 100 mM NaCl, 5 mM MgCl 2 , nitroblue tetrazolium (0.33 mg/ml), and 5-bromo,4-chloro,3-indolylphosphate (0.17 mg/ml)]. The stained cells were visualized under a microscope.
TUNEL assay
The TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling) assay was performed according to the manufacturer's instructions (Roche).
Inhibition of exocytosis
KPC cells were plated to 80% confluence in 10-cm culture dishes. Before beginning the assay, the culture medium was replaced with fresh serumcontaining pancreatic tumor cell medium. GolgiPlug (brefeldin A; BD Biosciences) was added to the fresh culture medium at a concentration of 1 ml/ml of culture medium. Five hours later, the cell supernatant was removed, spun at 1500 rpm for 5 min, and frozen at −80°C until analyzed using the Sema3D ELISA kit.
Statistical analysis
Statistical analysis was performed using GraphPad Prism version 6.0 software (GraphPad Software). Fisher's exact test was used to compare differences between treatment groups. Linear regression analysis was used to compare Sema3D secretion between KPC and KPCA −/− cell lines after AnxA2 antibody inhibition, as well as the proliferation rates of different cell lines. Mouse survival was analyzed by the Kaplan-Meier method and the log-rank test. A P value of <0.05 was considered statistically significant.
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